Optimized and Cost-efficient Compression Molds Manufactured by Selective Laser Melting for the Production of Thermoset Fiber Reinforced Plastic Aircraft Components  by Fette, M. et al.
 Procedia CIRP  35 ( 2015 )  25 – 30 
Available online at www.sciencedirect.com
2212-8271 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Scientific Committee of the “New Production Technologies in Aerospace Industry” conference
doi: 10.1016/j.procir.2015.08.082 
ScienceDirect
15th Machining Innovations Conference for Aerospace Industry 
Optimized and Cost-Efficient Compression Molds Manufactured by 
Selective Laser Melting for the Production of Thermoset Fiber Reinforced 
Plastic Aircraft Components  
M. Fettea,*, P. Sanderb, J. Wulfsbergc, H. Zierkd, A. Herrmanne, N. Stoessf      
b Airbus Operations GmbH, Kreetslag 10, 21129 Hamburg, Germany 
 a ,e ,d Helmut Schmidt University, Institute of Production Engineering, Holstenhofweg 85, 22043 Hamburg, Germany 
  a, e CTC GmbH, Airbusstrasse 1, 21684 Stade, Germany 
f Polynt Composites Germany GmbH, Kieselstraße 2, 56357 Miehlen, Germany  
* Corresponding author. Tel.: +49(0) 40 / 6541 2610; fax: +49(0) 40 / 6541 2839; E-mail address: marc.fette@hsu-hh.de    and    marc.fette@airbus.com 
Abstract 
Today, innovative lightweight constructions and highly complex parts for aircraft can be realized by Additive Layer Manufacturing (ALM), 
also called 3D-printing, in a time-saving and cost-efficient way. However, these new production technologies are not only considered for 
lightweight components but also for the manufacturing of molds, tools and jigs. In this context the additive manufacturing of heated 
compression molds for the production of thermoset composites by using a Selective Laser Melting (SLM) or also called Laser Beam Melting 
(LBM) process is particularly promising. In comparison to conventional machining the additive tool manufacturing obtains shortened time for 
development, simplified of the production due to less process steps, reduced production lead time and a general cost reduction. By the way, less 
energy consumption and improved material usage for the manufacturing of composite molds are further benefits, which cause an additional 
increase of the cost efficiency and economical sustainability. Moreover, an optimization of the fiber reinforced plastics (FRP) part quality, an 
improvement of the reproducibility of manufacturing processes and a higher freedom of the part design can be realized due to a higher 
complexity of the mold geometry, an increased functional integration, new design approaches of heating channel systems and an improved 
temperature distribution of the additive manufactured compression molds. Consequently, these new composite tool manufacturing opportunities 
promise enormous potentials, but also several challenges for the future production of aircraft components.  
This paper deals with a first feasibility analysis of the Additive Layer Manufacturing of heated composite molds, jigs and tools for aerospace 
industries. Furthermore, the additive manufacturing of a heated research mold for a Sheet Molding Compound (SMC) aircraft component and 
first investigation findings of the influences on the manufacturing process parameters by using this research mold are further key aspects of the 
present work. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of the “New Production Technologies in Aerospace Industry” 
conference. 
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1. Introduction and motivation 
The technologies of heated tools and jigs for aerospace 
composite parts are mainly dominated by traditional 
manufacturing methods. The auspicious and innovative 
SLM process of metals provides a more cost-efficient, 
simpler and faster opportunity to produce small and 
complex heated molds for FRP components. The traditional 
ways of building tools for the production of thermoset 
composite or plastic parts show a major problem in adding 
change requests during the development process, 
manufacturing progress and also in the integration of 
tempering channel systems. Therefore new methods must be 
considered to improve the tooling and to make it more 
flexible regarding spontaneous demands, accelerated 
development processes and shorter manufacturing cycle 
times. These facts are important for an effective and cost-
saving production of molds for FRP parts with a complex 
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shape and high requirements on quality and reproducibility. 
With this background and the high rate of variant diversity 
in components ALM technologies are of great relevance for 
aerospace industries, also for tool and jig manufacturing. 
Furthermore additive manufacturing provides higher 
complexity of the mold shape and an increased functional 
integration due to new design opportunities and a maximum 
freedom of design. Consequently, the quality of the 
composite part and the process reproducibility can be 
improved due to surface compliant heating channels and an 
optimized heat conduction. Besides, less material is used 
due to the additive production process in comparison to 
subtractive manufacturing technologies. The material usage 
can be optimized up to 95 percent. Therefore and regarding 
to less energy consumption and a decreased carbon footprint 
for the fabrication of heated molds the energy consumption, 
the resource efficiency and the ecological sustainability of 
the production of aircraft parts can be improved. [1,2] 
The focus of this work is the development of an 
isothermally heated compression mold for SMC 
manufactured by laser beam powder bed melting for a test 
component of the aircraft primary structure. In this context a 
systematic approach for the development and manufacturing 
of FRP tools and molds build by SLM will be shown. 
Further focal points are first research findings regarding the 
manufactured tool, pressing tests and the SMC processing. 
Finally the current potentials and limitations of the 
composite tools manufactured by SLM for the aerospace 
industry will be analyzed.   
 
Nomenclature 
ALM Additive Layer Manufacturing 
CAD Computer-Aided Design 
CAE Computer-Aided Engineering 
CFRP Carbon Fiber Reinforced Plastics 
FEM Finite Element Method 
FMEA Failure Mode and Effects Analysis 
FRP     Fiber Reinforced Plastics 
EBM Electron Beam Melting 
EDM Electrical Discharge Machining 
GFRP Glass Fiber Reinforced Plastics 
LBM Laser Beam Melting 
QFD Quality Function Deployment 
SLM Selective Laser Melting 
SMC    Sheet Molding Compound 
  
2. State of the Art 
2.1. Selective Laser Melting Process  
Nowadays manufacturing conventional tools with 
complex geometries or built-in functions are connected 
with high development and process costs. Different steps in 
the production such as multiple drilling and milling 
processes or the usage of EDM increases the costs and 
production time significantly. Therefore layered freeform 
fabrication and ALM processes are gaining more attention 
and are growing to be a promising alternative for the 
production of complex tools and molds with integrated 
heating channel systems. A possible solution in tool 
manufacturing is the SLM process, illustrated in Fig. 1. 
This additive manufacturing process uses 3D CAD data as 
a digital information source and energy in the form of a 
high powered laser beam to create three-dimensional metal 
parts by fusing fine metallic powders together. 3D objects 
are built by applying very thin layers of powdered building 
material leveled over the build platform. This metallic 
material is melted due to the thermal treatment and 
influences of a laser beam. Due to the statistical distribution 
of size of the metallic powder particles each layer has a 
thickness of at least 20μm to 50μm. [1,2,3] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Principle of the SLM process [2].  
The powder which is not melted remains in place to 
support features further up the object that hang from the 
main structure. The build platform moves down 
incrementally to print the subsequent layers. Once finished 
the remaining unmelted metallic powder is removed and 
recycled. The SLM fully fuses the metal powder into a 
solid homogeneous form which saves the additional heating 
procedure of the sintering process. Hence numerous 
parameters take effect on this complex manufacturing 
procedure. The most dominant influence parameters are 
shown in Fig. 2. Benefits of this production process are cost 
reduction of complex geometries, functional integration 
(e.g. heating or cooling channels) and reduction of 
development and production time. Currently the 
disadvantages are high acquisition costs and limited 
operating space. Due to the shrink characteristics and the 
resulting surface roughness caused by the melting process a 
further mechanical editing of the final 3D printed model is 
required. A similar process is EBM, which uses an electron 
beam instead of the laser as an energy source. The metallic 
powder can consist of different metals or metal alloys such 
as steel, aluminum and titanium. [1,3,4,5] 
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Fig. 2. Effects and influences on the SLM process [3].   
2.2. Sheet Molding Compound Technology 
Complex, isothermally heated tools containing heating 
channels are often used, primarily for composite 
production. Especially the SMC compression process and 
the appropriate tooling benefit from these advantages. 
Generally, the SMC technology is one of the most 
widespread applications of fiber reinforced thermoset 
composites and its components are applied in the electrical, 
automotive and transport industry. One reason is the 
association with various advantages such as low density, 
high thermal and chemical stability, complex shapes, 
functional integration, dimensional stability and high 
quality surface appearance. Furthermore SMC technologies 
are cost-efficient and obtain short process cycle times in 
comparison to other composite technologies. The shaping 
of the SMC is achieved by using a closed compression 
molding process. The pre-impregnated chopped long fiber 
fabrics are cut, stacked, placed into the heated mold and 
extruded by high pressure and temperatures between 130°C 
and 145°C. Therefore the SMC mass begins to flow, fills 
the cavity of the mold and cures. Subsequently, the cured 
composite component is ejected from the mold. The most 
used common fiber types for SMC are glass and carbon 
fiber with a typical fiber length of 25mm to 50mm. The 
chopped fibers can be impregnated by different thermoset 
matrices such as unsaturated polyester resin, vinyl ester 
resin and epoxy resin. [6,7] 
3. Development of the composite tool made by SLM 
The systematic approach for the development of 
technical product such as a heated pressing tool for SMC is 
the basis for developing good solutions that are predictable, 
flexible, possible to optimize and verifiable. Therefore the 
following basic constructive aspects are considered during 
the development and production phases of the heated 
pressing tool:  
 
x Function and operating principle  
x Manufacturing process 
x Material 
x Shape  
x Dimension and tolerances.  
 
Furthermore these aspects depend on the main 
requirements such as costs, quantity, quality and time. The 
technical feasibility analysis of a pressing tool with 
integrated heating channels for the production of a carbon 
fiber SMC cleat for aerospace application has been the 
objective and initial point of the described development 
process. The methodical approach for the design and 
development of the whole SMC tool for the FRP test cleat 
or clip can be recognized in Fig. 3. [4,5,7,8]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Systematic and methodical approach for development of the 
pressing tool. [5,8,9] 
 
In accordance with the shown systematic and methodical 
approach a modular tooling concept has been evaluated as 
the most promising concept. This modular concept is 
characterized by the use of a standard tool rack with four 
guide pins made of hardened steel and a quick-change mold 
system with surface compliant heating channel systems 
manufactured by ALM, illustrated in Fig. 4. The mold 
system is two-parted and consists of a die and a punch. The 
SLM process in combination with a powder made of the 
hot-working steel 1.2709 have been chosen due to a 
methodical evaluation of different ALM processes for 
metal powders. Manufacturing process and material have 
been selected in consideration of the most dominant 
influence parameters on the SLM process and appropriate 
attributes such as surface finishing, residual strength, costs, 
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density, hardness, heat transmission, accuracy strength and 
thermal expansion.  
For an optimum heat conduction and temperature 
distribution on the surfaces of the shape the heated 
channels are integrated close to the cavity surface and 
meander-shaped. A special SLM process, called 
LaserCUSING® from Concept Laser, was used for the 
additive manufacturing. The laser of the SLM machine, 
named M1 cusing from Concept Laser, operates according 
to the so-called Island Principle. According to this laser 
imaging principle the surfaces are divided into small square 
segments, called islands, and each segment is scanned with 
longitudinal tracks by the laser beam. In the case of the 
adjacent segments, the direction of the tracks is rotated by 
90°. Thus, the internal stresses in the component can be 
reduced and a homogeneous material structure with 
isotropic physical properties can be produced. In addition, 
the programming software of the SLM machine system 
creates an offset of a half segment width on the overlying 
segment in the subsequent layer due to an optimisation of 
the structural and mechanical properties of the component. 
The die and the punch were produced at the same time and 
in the same build chamber. 
 
 
Fig. 4. . (a) Real image of the tool; (b) CAD model of the tool; (c) carbon 
fiber SMC cleat 
 
After the SLM process the dimensions of the die and the 
punch are measured by a 3D scanning system. Before 
milling and EDM the molds are hardened by heat 
treatment. Afterwards the quick-change mold system has 
had to be adapted to the surrounding of the standard tool 
rack. Subsequently the surfaces of the die and punch are 
chromized with a coating thickness 10μm to 15μm. The 
final steps of the manufacturing are polishing the surfaces, 
checking the dimensional accuracy and assembly of the 
different tool components.   
4. Initial investigations and pressing tests  
4.1. Measurement of the mold geometries  
After completion of the additive manufacturing process, 
the pressing molds are measured and scanned by a portable 
3D imaging device for analyzing dimensional metrology 
problems. This 3D scanner is a coordinate measuring 
machine that can be used for the analysis of tolerance 
deviations and the verification of product quality. By 
performing 3D inspections, CAD comparison and 
dimensional analysis, different deviations of the geometric 
properties between the design model and the manufactured 
tools can be detected. The critical issue is the undersizing of 
the surfaces in manufacturing direction, shown in Fig. 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. . CAD images of the dimensional deviations; (a) die; (b) punch. 
 
In this case all vertical surfaces are mentioned because 
the molds are built up from the bottom to the top. A possible 
reason for that can be a too low offset on the vertical planes. 
Actually, the middle of track wide of the laser melting 
exactly follows the shape of the CAD model. Therefore an 
offset on the surface is necessary depending on the melting 
track wide and the power of the laser beam. In that case the 
chosen offset is insufficient. In contrast to the vertical 
planes, the horizontal surfaces of the molds have an 
oversize. Due to the dimensional accuracy, the planarity of 
the build platform and the severing of the additive 
manufactured component from the platform by wire erosion 
a calculated offset is desired. After the mechanical finishing, 
the coating and the polishing the molds have to be measured 
a second time for analyzing the final tolerances. Finally both 
molds completely fulfil the geometric requirements. 
However, the effects of further finishing processes, 
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especially the coating and the coating thickness must be 
taken into consideration for designing ALM parts. Moreover 
the adverse surface properties with a peak-to-valley 
roughness of 50μm to 60μm have also a big influence on 
the dimensional accuracy and tolerance deviations of the 
molds. This is as well a general disadvantage of the current 
SLM processes that should be noted during the development 
and design phase. 
4.2. First pressing tests and initial process analyses 
The first SMC pressing procedures were used to test the 
whole tool under real conditions and get some information 
about process parameters. Moreover, the flow behavior of 
the SMC mass into the cavity, the heat distribution and the 
shaping quality can be analyzed which might allow 
conclusions concerning the stacking and pre-forming of the 
SMC fabrics. Before, the surfaces of the molds have to be 
treated with release agents such as zinc stearate and the tool 
has to be heated up until the required processing 
temperature. For testing the mold standard glass fiber SMC 
formulations can be used. Consequently just low pressing 
power is necessary for the adjustment of the important 
parameters and the understanding of the physical effects 
without any higher risks for damaging the mold and the 
surface of the cavity. After testing various conditions and 
creating simple stacking plans further process parameters 
and properties of the produced parts are displayed. 
Referring to the first cleats made from glass fiber SMC with 
an unsaturated polyester resin matrix excellent optical 
surface quality and size accuracy could be proven. The 
initial tested SMC formulation, called HUP 19/27 RN Panth 
584 form Polynt, has to be processed at a temperature of 
145°C and at a press power of 30 tons. After analyzing the 
appropriate material, process and part parameters a carbon 
fiber SMC formulation with an epoxy resin, called Epopreg 
90 CF from Polynt, was used. Increasing the pressing power 
to 70 tons and changing the chemical release agent high-
quality CFRP test cleats can be produced.  
The analysis of the temperature distribution of the mold 
shows that the temperature on the cavity surface is 
relatively constant. The isothermal heating behavior of the 
mold influences the properties of the FRP component, 
especially dimensional tolerances, surface quality and 
internal stresses. The heat distribution of the molds can be 
analyzed by measuring the surface temperature at different 
points using a cross-band surface probe. The temperature 
difference on the surface of the die is less than 5K, shown 
in Fig. 6. The standard deviation of the measured 
temperature is rounded +/- 0.3 K. The surfaces temperature 
differential of the punch is even only about 2K. Actually, 
the differences in temperature of conventional 
manufactured SMC compression molds are significantly 
higher. Due to oil heating systems with surface compliant 
channels close to the cavity of the molds the temperature 
distribution and heat conduction can be improved. In 
addition the measured heating time of less than 20 minutes 
promises a further advantage of these new design 
approaches that can realized by ALM.  
Furthermore ultrasonic investigations with a HFUS 2000 
ultrasonic system and analyses of grinding samples from 
different reference parts by scanning electron microscope 
show a good and reproducible FRP part quality. Critical 
porosities, air inclusions and delamination are not detected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Temperature distribution on the surfaces of the die. 
5. Analysis of the potentials of FRP tools made by SLM  
Generally, ALM promises a lot of technical advantages 
for the fast and cost-efficient on-demand production of 
prototypes, final products and also tooling. However, the 
technical, economic and ecological benefits depend on 
different aspects and part requirements such as costs, 
quantity, quality and lead time. According to the 
manufacturing of heated SMC molds for aerospace industry 
the potential for saving costs and time depends on the 
complexity, shape, dimensions, material and the chosen 
style of tooling construction, e.g. modular design. ALM 
technologies as well as EBM or SLM are also promising 
for other thermoset composite manufacturing processes 
which use heated metal tools, jigs, molds and preforming 
devices. In general, these tools and molds for the 
production of thermoset composites components in 
aerospace industry obtain the following technical benefits: 
 
x Improved FRP part quality and reproducibility of 
manufacturing / preforming processes due to new 
design approaches, e.g. directly integrated heating 
channel systems which are close to the mold surface 
x Improved temperature distribution and heat conduction 
due to surface compliant heating channels 
x Simplifying of the  transportation and adjustment due 
to a weight reduction of the tools, jigs, moulds or 
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preforming devices by further design approaches, 
lightweight design and biometric structures 
x High complexity of the mold geometry and an 
increased functional integration due to new design 
opportunities and freedom of design. 
 
Furthermore additive tool manufacturing promises the 
following economic and ecological advantages: 
 
x Cost reduction due to shorter cycle times, improved 
lead time for production, simplifying of the design and 
the production processes 
x Less manufacturing steps due to a high level of part 
complexity and functional integration 
x Improved resource efficiency and ecological 
sustainability due to an optimum material usage (up to 
95%)  
x Less energy consumption for the production.  
 
Nevertheless, the potential for saving cost and time 
depends on the complexity, shape, dimensions, material 
and the chosen style of tooling construction, e.g. modular 
design. The efficient creation of process chains in reference 
to the given requirements is one of the focal points for 
ALM applications in general. Fig. 7 shows a schematic 
comparison of a possible procedure for conventional 
manufacturing of the described heated SMC tool and the 
chosen way which includes the additive manufacturing of 
the die and the punch.  
 
 
 
Fig. 7. Comparison of conventional and SLM tool manufacturing 
However, the use of ALM technologies for composite 
tool manufacturing is restricted due to limited dimensions 
of build chambers of the current ALM machines, rough 
surfaces in comparison to conventional tool manufacturing 
processes, high investment costs for machining, high 
material costs, adverse dimensional accuracy and longer 
manufacturing cycles for simple parts. Typically, other 
technologies such as milling, drilling, EDM and polishing 
are necessary for finishing. 
6.  Conclusion and outlook 
ALM technologies, especially SLM obtain a lot of 
potentials for the manufacturing of heated SMC molds for 
the production of appropriate FRP aircraft components. 
However, the influences on the SLM process, the special 
design approaches, the properties of the material and the 
disadvantages have to take into consideration for the 
development and production of tools. Therefore 
sophisticated and efficient process chains have to be 
created to combine the benefits of ALM and conventional 
manufacturing technologies. Besides, the rising demand for 
ALM materials, solution and appropriate application in 
different industrial sectors will cause a reduction of the 
costs for metal powders, a reduction of the machining costs 
and the development of more efficient SLM or EBM 
machines. As a result the costs for the production of 
additive manufactured metal tools, jigs, molds and 
preforming devices will decrease.  
Finally the presented research and development findings 
can be transferred to other industrial sectors such as the 
automotive and the transportation industry.  
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